The fluctuating behavior of renewable energy sources hinders the widespread integration of those in a reliable electricity grid. Presumably, the wide operation range and rapid response of proton exchange membrane (PEM) electrolyzers can stabilize the grid, yet the degradation effects are not fully understood. The results presented here show no negative effect of dynamic operation at current 0.8, 1.6, 2.5 and 3.3 A cm -2 , on commercial membrane electrode assemblies (MEA) with two different catalyst loadings. Conversely, the reduction of the loading of precious metal in the MEA leads to a cell voltage increase by 100 mV at 3.3 A cm -2 . In addition, stack temperature correction of industrial facilities is necessary for proper comparison of cell potential and analysis of degradation mechanisms.
Introduction
Renewable energies produced by wind or solar continuously gain importance and share in the power supply system. They help to reduce the global greenhouse gas emission and are the main technologies for reaching the 2 °C average temperature limit agreed by all parties of the United Nations Conference on Climate Change 2015 (COP 21) (1) . Besides all the positive aspects, renewables provide fluctuating power thereby contributing to challenges to balance the electricity grid (2) . Especially in Germany, the renewables already contribute to a significant percentage of over the 30% of the electrical energy production (3). Consequently, the integration of those fluctuating energy sources have become a hot topic (4) . Scenarios for a more flexible electricity system includes upgrading the transmission network, large energy storage systems, demand-sidemanagement (DSM) and the increasing the power reserve. As a technology, polymer exchange membrane (PEM) electrolyzer is able to provide three of the mentioned scenarios. PEM electrolyzer splits water in oxygen and hydrogen from electricity and the hydrogen can be stored either in pressurized tanks, large salt caverns or other options (5) . The produced hydrogen has a high purity of 99.995% (6) and can be pressurized during electrolysis (7, 8) . PEM electrolysis is highly dynamic and can fulfill the requirements for control power (9, 10) . Depending on the national rules, a minimum power is needed for control application, but this is not a significant barrier for electrolysis installations due to the modular nature of the technology.
There is still not much information available on the dynamic operation of PEM electrolysis at partial-and over-loads. A typical test is to provide the qualification profile for control power or to run a representative wind power profile. However, these tests will not provide much information on the degradation behavior. In this work, we provide a systematic approach for characterizing constant and highly dynamic operation modes and their impact on efficiency. We also investigate the influence of catalyst loadings in order to detect possible cost savings of precious metals as its scarcity may pose economic difficulties for PEM electrolyzer market in the gigawatt range (11). It has been reported that structural optimization of catalysts (12) (13) (14) (15) as well as reducing the catalyst loading (16) is one of the key questions for this challenge.
Experimental

PEM electrolyzer system
The test bench used in this study, HyLYZER TM Hydrogen Generator (HHG) from Hydrogenics, is a commercial PEM electrolyzer designed for 2. An accelerated stress test (AST) protocol was conceived in order to gain as much information as possible on system aspects of the HHG unit and on the mechanism of stack degradation. A scheme of this protocol is presented in Figure 1 . The protocol consists of operation in a stationary and subsequently a dynamic mode. In the dynamic mode, the current density is changed from 0.08 A cm -2 to an upper limit in about 0.01 s. The frequency of the applied current square wave was 0.5 Hz. The upper limit of current density of the electrolyzer was gradually increased by 0.8 A cm -2 every two weeks. Each week the electrolyzer was operating in different modes: firstly in constant or stationary mode and subsequently under dynamic regime. Thus, it was possible to explore the HHG system and stack behavior at moderate current densities (1 -2 A cm -2 ) and at higher current densities (2 -5 A cm -2 ). A cell voltage -current density (E cell -j) characteristic was recorded at the end of each week in order to reveal possible irreversible changes of the stack components. 
Results and discussion
Influence of PMG loading in the CCMs
According to Greenerity specifications, the first four cells of this stack have a reduced PGM loading of 2.4 mg cm -2 . The rest of the cells have 30% higher loading than the first four. The reduction of the PMG loading in the MEAs leads to an increase of the cell potential (E cell ) of about 50 mV measured at 1.25 A cm -2 under constant loading mode, Figure 3a . Thus an 8-cell stack with 3.5 mg cm -2 in each MEA increases 3.5% the stack efficiency and approx. 2% the efficiency of the total system compared with a system having an 8-cell stack with 2.4 mg cm -2 . Cell 1 shows the lowest performance corresponding to the highest ohmic resistance, which is related to the x-axis interception at high frequencies in the Nyquist plot. Figure  3c shows, that cell 1 has additionally the highest impedance corresponding to the charge transfer resistance analyzed by a R 1 -CPE/R 2 -CPE/R Act equivalent circuit, which indicates the lowest kinetic property. Cell 1 to 4 have in general a higher charge transfer resistance than cell 5 to 8, which can be explained by the lower catalyst loading. Cell 8 is the cell with the highest efficiency. Interestingly, it does not have the lowest charge transfer resistance, but it has the lowest ohmic resistance. Lastly, cell 4 has the second best performance, even though it has a high charge transfer resistance but certainly the second lowest ohmic resistance. In general it can be concluded, that both parameters have a deep influence on the cell performance.
Temperature dependence
Since water electrolysis is an exothermic reaction, a typical commercial PEM electrolysis system does not include any components that can provide external heat to the system. On the contrary, a system normally requires the removal of heat from the stack by means of reactant water and then through a heat exchanger. The heat exchanger normally starts when a maximum stack temperature set-point is reached. The HHG system used in the study was designed to a maximum input power of 30 kW to the stack. The 8-cell stack consumes approximately 12 kW power when the stack operates at 5 A cm -2 . Thus the stack ran under at lower current density and thus under nominal operating temperature. Although the performance of the stack is highly dependent on temperature, the HHG system can only maintain a relatively constant temperature at high current densities close to design capacity at higher current density.
As an example, Figure 4a shows the E cell -j characteristics of Cell 1 and Cell 8 measured by increasing j at a step rate of 4.2 mA cm -2 s -1 up to the maximum achievable current density. Firstly, it can be observed that between 0 and 2.5 A cm -2 the temperature is maintained at about 45 °C, while it rises sharply afterwards up to 60 °C at 4.8 A cm -2 . This rapid increment in the T stack causes a decrease in the E cell deforming the usual E cell -j linear shape. This issue makes difficult to analyze any mass transport or diffusion problem in the stack. At a current density of 4.8 A cm -2 the system operation was stopped because E cell reached 2.5 V which is the voltage limit. The event happened because just before the temperature reached its limit and the fan start to cool down the system resulting in rapid voltage increase.
Consequently, the only way to obtain an E cell -j characteristic at a fixed temperature is by preheating the stack and recording the curve from higher to lower current densities such at it is shown in Figure 4b . The E cell -j curves of this figure were registered for 28.8 ± 3.5 °C and 48.0 ± 6 °C. The difference between these two temperatures resulted in a reduction of the E cell of 75 mV and 150 mV at 1.25 and 3.3 A cm -2 , respectively. Figure  4b also depicts the obvious performance difference of normal and reduced catalyst loading for cell 8 and cell 1, respectively. There is a linear dependence of the E cell and T stack within a range of about 40 °C, reported elsewhere (16) . This correlation is useful for detecting variations E cell due to degradation phenomena, when the HHG is operating in either constant or dynamic modes and eliminate minor temperature impacts. The same approach can be used for larger PEM electrolysis systems. 
Dynamic operation
Dynamic operation was performed in order to study performance, response time and degradation under this condition. Figure 5 shows a 15 s interval period in which the HHG system was operating at a j max of 1.7 A cm -2 and as j min of 0.08 A cm -2 . The input Δj last about 0.01 s while the output response ΔU stack is about 3 V lasting 0.01 s resulting in a 2 % loss in the overall efficiency. These dynamic operation studies were performed up to current density of 4 A cm -2 which proves the fast response of this technology and the ability of PEM electrolysis to fulfill the requirements of primary control. During the milliseconds the PEM electrolyzer can provide positive and negative control power by operating at partial-or overload, respectively and can therefore be used for stabilizing electricity grids. 
Degradation
Possible negative effects of constant and dynamic operation modes regarding degradation were investigated by performing and analyzing E cell -j characteristic after each week of the performed protocol. Figure 6 a and b show them separately after constant and dynamic operation mode, respectively. Remarkable is the different aging behavior at lower and higher current densities. While the recorded voltage decreases over time at current densities of 1.25 A cm -2 and higher, the voltage is increasing at lower current densities. It has been reported that two different degradation mechanism are responsible for this behavior (16) . Decay of intrinsic catalyst activity results in a decrease of exchange current density and at low current densities the charge transfer overpotential is dominating the performance losses. At higher current densities, this effect is compensated by an opposite acting ohmic contribution. The ohmic resistance is decreasing during time, which results in increasing performance at higher current densities. However, the decrease of ohmic resistance is not yet fully explained. Improved electric behavior in the electrode layer (16), can be a plausible reason.
The trends of aging are the same for dynamic or static operation (see Figure 6a and 6b). Nevertheless, it seems that after constant operation, the trends are somewhat more pronounced. This observation can be supported by Figure 6c , which shows the analyzed potential at 1.25 A cm -2 after each operation mode. The zigzag behavior could come by possible regenerative effect after performing in dynamic operation mode. Between 500 and 1500 h, the positive peaks are related to the characteristics after dynamic operation. However, the general trend is a progressive decrease in cell voltage even after performing at high current density. The potential is shown as measured and after temperature correction of 5 mV K -1 . Temperature of each measurement is shown on the right axis of diagram 6c.
Conclusion
We performed a systematic protocol to study the cell, the stack and the system behavior of an 8 cell stack with an active area of 120 cm 2 under highly dynamic and constant conditions and at different current densities. Stack characterization by EIS and by E cell -j characteristic shows a reduced charge transfer resistance and therefore an improved performance for MEAs with high catalyst loading. The hydrogen generator used for this study is not designed for operating at accurately controlled parameters which complicates the analysis of degradation. By temperature correction, degradation can be better analyzed and shows the general trend of decreasing cell potential. Dynamic operation mode seems not having a negative influence on degradation. Furthermore, a highly dynamic operation did not influence performance negatively. Furthermore the system reaction time is fast and allows fulfilling most control requirements in the grid.
